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SUMMARY

The ground environmental characterization of Short Takeoff
and Vertical Landing (STOVL) fighter propulsion systems was
performed by Universal Technology Corporation (UTC) under
contract with the Turbine Engine Division, Aero Propulsion and
Power Laboratory of the Wright Research and Development Center
(WRDC) .

The objectives of the study were to identify environmental
limits for landing pad materials, estimate the STOVL fighter
ground environments and the effect these environments have on
typical landing pads, and identify test facilities that could
potentially be used for future ground environment test programs.

A literature search was conducted to find documentation on
past ground environment research programs. Information was
gathered on landing pad material properties, STOVL fighter
propulsion system exhaust characteristics, jet impingement flow
fields and ground environment analysis methods.

Preliminary environmental limits were established for
aluminum, asphalt concrete, Portland Cement Concrete (PCC) and
steel. The estimated environmental limits covered normal
pressures, dynamic pressures and surface temperatures.

Six STOVL propulsion concepts were investigated in this
study. Exhaust characteristics were estimated for AV-8 vectored
thrust, ejector augmentor, Hybrid Fan Vectored Thrust (HFVT),
lift plus lift/cruise, Remote Augmented Lift (RAL), and Remote

Exhaust (REX) propulsion systems. Values for nozzle pressure
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ratio, exhaust gas temperature and ratio of aircraft altitude to
nozzle diameter (H/D) are included in the report.

An analysis method was developed to provide preliminary
estimates of the ground environment loads produced by STOVL
propulsion systems. The analysis includes calculations to assess
the impact of aircraft ground environments on aluminum, asphalt
concrete, PCC and steel landing pads. Normal pressure loads,
dynamic pressure loads, shear stresses, induced lifting forces,
convection heat transfer, radiation heat transfer, conduction
heat transfer, material temperature profiles, residence times and
thermal stresses are discussed in the analysis method.

The analysis method was used to predict ground environments
for the six propulsion systems identified in the report :nd
estimate the effect these environments have on the baseline
landing pad materials. Normal pressure loads and dynamic
pressure loads were calculated to be too small to damage the
baseline landing pad material under normal conditions but if the
landing pad contains broken and loose pieces of pavement, these
pieces may be lifted and blown by the jet exhaust. The jet
exhaust heat load was calculated by adding the convection and
radiation heat transfer estimates together. Convection was .
determined to have a greater impact on the total heat transfer
rate than radiation. The radiation heat transfer estimate
included hot gas radiation but did not estimate the radiation
emitted by hot engine parts. A conduction analysis was used to
predict temperature profiles in landing pad materials. These

profiles were used to estimate residence times and thermal
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stresses. The thermal stress calculation used in this study
unsatisfactorily predicted landing pad failure points, therefore,
surface temperature was selected as the parameter to determine
the point of failure. Based on the surface temperature limits,
residence time limits were estimated for the landing pad
materials. The residence time limits indicated that rolling
landings would be needed on asphalt concrete and PCC. Rolling
landings may also be necessary on aluminum and steel if a RAL
system is selecZed or if repetitive vertical operations are
conducted with the other propulsion concepts. The propulsion
systems were ranked according to the severity of the heating
loads. The AV-8 vectored thrust system was determined to have
the least severe environment while the RAL system was calculated
to possess the most severe environment.

Potential STOVL ground environment test facilities are
identified in the report. Preliminary test facility capability
requirements were identified. These requirements were
established from an assessment of the data that should be
collected in a STOVL ground environment test program. Test
facilities possessing the capabilities that best matched the
identified facility requirements were suggested for future test
programs. The Warton Hot Gas Laboratory Ground Erosion Rig,
NASA Lewis 9 X 15 wind tunnel, the Rolls Royce RB108 rig and the
NASA Ames 80 x 120 low speed wind tunnel werc identified for
future test programs. The Warton rig and the NASA Lewis wind
tunnel can be used to conduct sub-scale testing while the Rolls-

Royce rig and the NASA Ames wind tunnel can conduct tests at the
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full scale level. The Warton and Rolls-Royce rig may not be
available for a U.S. testing program but similar facilities could
set up in the U.S. Some full scale testing will be required up
front to determine the split between full scale and scale model
test programs.

Based on the analyses and assessments conducted in this
study, two recommendations were made for future STOVL fighter
ground environment research program.

o Testing should be conducted to assess the environmental
loads associated with STOVL propulsion systems and the
effect these loads have on typical landing pads. The
parameters that should be varied in the test program
include nozzle pressure ratio, exhaust gas temperature,
nozzle diameter, nozzle geometry, H/D ratio, aircraft
sink rate and aircraft forward velocity.

o An analysis method should be constructed to accurately
predict the ground environments of various STOVL

propulsion systems. The analysis should include a
procedure to forecast landing pad life characteristics.
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1.0 INTRODUCTION

The WRDC Aero Propulsion and Power Laboratory tasked UTC to
investigate STOVL aircraft ground environments and their effect
on landing-pad materials. The Laboratory is interested in these
ground environments since propulsion system designs will be
influenced by the jet/ground interaction. The study objectives,
approach, assumptions and limitations are summarized in sections
1.1 through 1.3. An overview of the report is provided in
section 1.4.

1.1 Objectives
The three primary objectives for this study are listed below:

1. Identify environmental limits for selected landing pad
materials,

2. Investigate the ground environments associated with
selected STOVL propulsion concepts to determine the
effect these environments have on baseline landing pad
materials, and

3. Identify test facilities best suited for future ground
environment research.

1.2 Approach
An approach was developed for each of the main objectives.
The step-by-step approaches used to accomplish the objectives are
listed below:
1.2.1 Landing Pad Materials
1. 1Identify the landing pad materials to be investigated.

2. Identify the thermal and mechanical properties of the
landing pad materials.

3. Identify failure modes of landing pad materials
exposed to propulsion exhaust gases.

4. Review the landing pad material failure modes to
determine the environmental limits for each material.




1.2.2 Ground Environment Analysis

1. Identify the STOVL propulsion concepts to be
evaluated.

2. For each concept, identify the propulsion system
characteristics that affect the ground environment.

3. Identify an analysis method that can determine s
propulsion system ground environments and the effects
these ground environments have on landing pads
materials.

4. Use the analysis method to determine the effect of the
selected propulsion systems on the baseline landing
pad materials.

1.2.3 Test Facilities

1. Document the test facility capabilities required to
conduct ground environment tests.

2. Identify test facilities that can be used for ground
environment tests and the capabilities of each
facility.

3. Determine which facilities best meet future test
requirements.

1.3 Limitations

1. The literature was limited to the DTIC information
system, Wright State University library, and WRDC
technical library.

2. No significant data was directly obtained from airframe
or engine contractors. All contractor data was obtained
from past reports.

3. The study was limited to investigating the ground
environments produced by RAL, REX, HFVT, AV-8, ejector

augmentor and 1lift plus lift/cruise STOVL propulsion .
systems.
4. The study was limited to determining the effects of -

ground environments on steel, aluminum, asphalt
concrete, and PCC landing pad materials.

1.4 Report Overview
The remaining sections of the report state the findings,

conclusions and recommendations made in this study. The findings
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are broken down into three main sections. Information on landing
pad material characteristics and limits is presented in section
2.0. STOVL propulsion exhaust characteristics are described in
section 3.0 while ground environment analysis procedures and
ground environment ratings are given in section 4.0. Preliminary
test requirements, test facility capabilities and test facilities
suggested for future research efforts are given in section 5.0.
The conclusions reached in this study are presented in section
6.0. Kk :commendations for future ground environment research
efforts are summarized in section 7.0.
2.0 LANDING PAD MATERIALS

Four landing pad materials were investigated in this study.
Basic descriptions of these materials are included in section
2.1. Section 2.2 lists the thermal and mechanical properties of
the landing pad materials. Landing pad failure modes associated
jet blasts are discussed in section 2.3. Estimated material
environmental limits are given in section 2.4.
2.1 Materials Investigated

Asphalt concrete, PCC, steel decking and aluminum materials
were investigated in the study. General descriptions of the four
landing pad types are provided in sections 2.1.1 through 2.1.4.
2.1.1 Asphalt Concrete

Asphalt concrete is constructed from asphalt cement and
aggregates. Asphalt cements are primarily derived from
petroleum. Aggregates include gravel, sand and rock dust. The

composition of these aggregates varies with location since they




are obtained from quarries near the landing pad. Asphalt cement
binds the aggregates together to form asphalt concrete.
2.1.2 Portland Cement Concrete (PCC)

Portland cement binds aggregates together to form PCC.
Portland cements are derived from calcined rock and clay
materials. Aggregates include gravel, sand and rock dust. The
composition of the cement and the aggregates varies with location
since the materials are obtained from local sources. PCC is
normally laid in slabs to control landing pad cracking. Joints
in between the slabs are usually filled with asphalt joint
filler.

2.1.3 Steel Decking

Ship decks are commonly constructed with low carbon steels
and low alloy steels. O0Only low carbon steel decks were
investigated in this study. Small ships with landing pads have
decks 9/16-inch thick and aircraft carriers can have up to 2-inch
thick decks. Decks are typically coated with a non-skid paint.
Ship deck paint was ignored in this study.

2.1.4 Aluminum Pads

Aluminum could be used to increase the heat transfer rate of
a ship deck in order to lower the deck surface temperatures. The
aluminum would need to be thick or actively cooled to provide
acceptable metal temperatures.

2.2 Material Thermal and Mechanjcal Properties

Properties of the landing pad materials were used to

determine the response of the landing pad to jet exhaust.

Conductivity, diffusivity, emissivity, thermal expansion




coefficient, modulus of elasticity, allowable compression load,

and allowable shear load are shown for each landing pad material

in table 1.
Table 1. Landing Pad Materjal Properties
Aluminum Asphalt PCC Carbon
Concrete Steel

Conductivity? 0.038 0.000192 0.00028 0.0061
(Btu/sec-£t-°F)
Difgusivitya 0.000947 9.0000058 0.0000093 0.000129
(ft</sec)
Emissivity 0.22 0.9P 0.9P 0.552
Thermal Expansion 0.00013° 0.0000059 0.000006 0.000065C
Coefficient
(1/°F)
Modulus of 10, 000€ 1,0009 5,000 29,000€
Elasticity
(kpsi)
Allowable 35,000€ 6009 2,250°¢ 60,000
Compression Load
(psi)
Allowable Shear 20,000€ 3009 86° 36,000°¢

Load
(psi)

Qaaoe

2.3

Purdue Universi&g, 197029

Incropera, %381
Popov, 1972
Heavy Trucks:

Climate and Pavement Damage, 198814
Material Failure Modes

Landing pad failure modes associated with jet blasts are

identified for each landing pad material and are discussed in

sections 2.3.1 through 2.3.4.




2.3.1 Asphalt Concrete Fajlure Modes

Melting of the asphalt cement is the predominant failure
mode associated with asphalt concrete. The hot jet exhaust
causes asphalt cement to flow in the temperature range of 200-
350°F.1 The melting temperature varies since the composition of
the asphalt cement is variable.

The jet blast can produce a lifting force on the landing
pad. If the landing pad has cracked and broken sections, these
sections may be lifted and blown out of place. Temperature
cycling may affect the strength and elasticity of asphalt
concrete but quantitative data was not found on this phenomenon.
2.3.2 pecc Fajlure Modes

PCC exposed to high temperature goes through various phases

of degradation. Temperature effects on PCC are shown in figure 1.

OECOMPOSED  OEHYDRATED  VIRGIN
?&C"&W CONCRETE CONCRETE CONCRETE

\ T, t

¥
\ ’ 'y
15 Wm0 L, 4 2
A A
r EXTENT OF THERMAL REGION
VAPORIZATION OF FREE WATER, Ty* 368K

DECOMPOSITION OF CXOHI,, T, * 785K
——DECOMPOSITION OF CaCO;, T, * 157K

—— MELTING OF DECOMPOSED CONCRETE, T 1400K
- EXTERNAL SURFACE

Figure 1. tures 26
High temperature exposure can induce mechanical failures in
PCC such as cracking and spalling. Material strength can be
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lowered when high temperature is applied to PCC. A relationship

between temperature exposure and residual strength is shown in

figure 2.
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Figure 2. PCC Strength Reduction vs. Temperature Exgggg:gz

Heat induced spalling and cracking are most likely due to
thermal incompatibilities produced between the Portland cement
and the aggregates. Spalling may also be caused by water vapor
entrapment near the surface of PCC pavements.33 Temperature
cycling may affect PCC but no quantitative data was found on this
phenomenon.

2.3.3 steel Decking Failure Modes

The strength of low carbon steel decreases as the material
temperature increases. The maximum recommended temperature for
low carbon steel is 700°F.3% steel expands as the material

temperature increases which may cause the deck to buckle.




-

2.3.4 Aluminum Pad Failure Modes

The strength of aluminum decreases as the material
temperature increases. The maximum recommended temperature for
aluminum is 400°F.34
2.4 sti eri \'4

Based on the assessment conducted in the study,

environmental limits were estimated for asphalt concrete, PCC,

steel decking and aluminum. The estimated limits are shown in

table 2.
Table 2. stimat viron ta t
Normal Dynamic Temperature
Landing Pad Pressure Pressure limit
Material load limit limit (°F)
(psi) (psi)
Asphalt Concrete 6002 3002 200°€
PCC 5,000P 100P 6009
Steel 60,000° 36,000° 700®
Aluminum 35,000P 20, 000° 400®

Heavy Truckgé Climate and Pavement, 198814
Popov, 1972

Abraham,196§1

Smith, 1978°3

United Technologies, 198134

(LN TR ol e g

These limits are preliminary estimates and will need to be
re-evaluated as further information is gathered on landing pad
materials.

3.0 PROPULSION CONCEPTS STUDIED

The ground environments associated with six propulsion

concepts were investigated in this study. These concepts were
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developed for single engine fighter aircraft. Brief descriptions
of the propulsion concepts are provided in section 3.1. Exhaust
characteristics associated with the STOVL propulsion systems are
summarized in section 3.2.
3.1 Propulsion System Descriptions

AV-8 vectored thrust, REX, RAL, ejector augmentor, HFVT and
lift plus lift/cruise propulsion concepts were investigated in
this study. Short summaries of each concept follow.
3.1.1 AV-8 Vectored Thrust System

The AV-8 is the only VTOL fighter aircraft operated by the
US Armed Forces. Horizontal and vertical thrust is provided
through four exhaust nozzles. The two front nozzles are supplied
with fan air and the two rear nozzles are supplied with turbine
exhaust air. The nozzles are rotated to change the thrust
direction from horizontal to vertical. The engine does not have

an augmentor. The AV-8 vectored thrust engine is shown in figure 3.

Air supply pipe

Finel
drive chain

Figure 3. AV-8 Vectored Thrust Pro sio stem?4




3.1.2 REX Concept
In a REX propulsion system, vertical 1ift is provided by two

remotely located REX nozzles and a ventral nozzle. The REX
nozzles are fed with turbine exhaust gas. During vertical
operations the cruise nozzle is closed and valves open to supply
turbine air to the REX nozzle air ducts. The ventral nozzle is
located on the tailpipe to provide trim thrust for vertical
flight operations. Thrust can be augmented in horizontal flight
but not in vertical flight. A schematic of the REX concept is

shown in figure 4.

AIR SUPPLY DUCT

.......................

Figure 4. Remote Exhaust Propulsion Concept

3.1.3 RAL Concept

In the RAL propulsion concept, vertical thrust components are
derived from two RAL nozzles and a vectoring cruise nozzle. The
vectoring cruise nozzle is augmented and directed down during
vertical operations. The two RAL nozzles are supplied with fan
air during vertical flight operations. Burners are used to
augment the fan air supplied to the RAL nozzles. The RAL

propulsion concept is shown in figure 5.
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Figure 5. Remote Augmented Lift Propulsion Concept?

3.1.4 Ejector Augmentor Concept

In the ejector augmentor propulsion concept, vertical thrust
is provided by two banks of ejectors and a ventral nozzle. The
two banks of ejectors are supplied with fan air during vertical
operations. The ventral nozzle is located on the cruise engine
tailpipe and is supplied with turbine exhaust air. Turbine air
is diverted from the main exhaust flow to the ventral nozzle by
closing the throat area of the cruise nozzle. The cruise engine
augmentor is not used during vertical operations. Figure 6 shows

a schematic of the ejector augmentor propulsion concept.

—-[ MIXED-FLOW TURBOFAN WITH VENTRAL NOZZLE (E-7C, o)}-

FAN AN OUCT
» GIMBALAXI NOZTLE (£70)
---------- [ -~ = VECTORING 20 CD NOZZLE (£-7D)
¢ e Y SOV
< HRotuNG &, VAB
YO LJECTORS
4
meer am () ‘
G e

Figure 6. Ejector Augmentor Propulsion Concegt17
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3.1.5 HFVT Concept

In the HFVT propulsion concept, vertical thrust is
developed by the two front fan nozzles and a vectoring cruise
nozzle. The vectoring cruise nozzle is nonuugmented and directed
down during vertical operations. The front nozzles are supplied
with air from the front fan during vertical operations.
Auxiliary inlets are used in the vertical flight mode to supply
the gas generator fan with air. 1In the horizontal flight mode,
the auxiliary inlets are closed and the front fan air is diverted
from the front fan nozzles to the gas generator fan. Figure 7

shows the HFVT propulsion concept.

A/B (AFTERBURNING)

AN

Figure 7. Hybrid Vectored Fan Thrust Propulsion ggnggp&‘
3.1.6 Lift Plus Lift/Cruise Concept

In the 1lift plus lift/cruise concept, vertical thrust is
provided by one lift engine and a vectoring cruise nozzle. The
cruise nozzle is vectored down during vertical operations. The
lift/cruise engine exhaust is non-augmented during vertical
flight but may be augmented in horizontal flight. Figure 8

shows the lift plus lift/cruise propulsion concept.

12




Figure 8. Lift Plus Lift/Cruise Propulsion Conce 22

3.2 Exhaust Characteristics of STOVL Propulsion Systems

The exhaust characteristics associated with the propulsion
concepts discussed in section 3.1 are estimated in table 3. The
table values represent exhaust conditions during vertical
operations. Dry engine operation was estimated to produce
exhaust conditions of NPR = 4 and EGT = 1600°F. Augmented
engine operation was assumed to produce exhaust conditions of
NPR = 4 and EGT = 3000°F. The ejector EGT was assumed to be
15°F higher than hot day ambient air.17 an isentropic
relationship was used to calculate the HFVT EGT based on an

inlet temperature of 103°F and a fan pressure ratio of four.
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Table 3. STOVL Propulsion Exhaust Characteristics

Propulsion NPR EGT H/D at
Concept (°F) Touchdown
Av-gl?

Front Nozzles 2.0 260 4
Rear Nozzles 1.9 1350 2
Ejector Augmentor

Ejectors 1.1 118 N/A
Ventral Nozzle 4 1600 3
Lift plus Lift/Cruise

Lift Engine 4 1600 3
Vectored Cruise Nozzle 4 1600 3
RAL

RAL Nozzles 4 3000 3
Vertored Cruise Nozzle 4 3000 3
REX

REX Nozzles 4 1600 3
Ventral Nozzle 4 1600 3
HFVT

Front Nozzles 4 375 3
Vertored Cruise Nozzle 4 1600 3

4.0 GROUND ENVIRONMENT ANALYSIS

STOVL propulsion systems create ground environments that may
affect landing pads. Analysis methods, used to estimate ground
environments and determine the effect they have on various
landing pad materials, have been developed by NASA Ames, Naval
Air Engineering Center, McDonnell Aircraft and British Aerospace.
A detailed survey of these analyses was beyond the scope of this
study, but a method was developed (see section 4.1) in this study
to estimate the influence of propulsion system exhaust on landing
pads. It was used to approximate the ground environments

associated with the propulsion systems discussed in section 3.
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These estimated ground environments and a preliminary assessment
of the impacts they have on landing pad materials are discussed
in section 4.2.

4.1 Ground Environment Analysis Methodology

Flow field characteristics, aerodynamic loads and thermal
loads are the three main sections of the analysis. Flow field
characteristics were studied to identify the parameters
influencing the aerodynamic and thermal loads. STOVL propulsion
flow field properties are discussed in section 4.1.1. The
aerodynamic loads analyzed in this study are described in section
4.1.2. and the thermal loads are discussed in section 4.1.3.
Assessments of the aerodynamic and thermal load analyses are
provided in section 4.1.4.

4.1.1 Flow Field Characteristics

Parameters that influence flow fields include exhaust
pressure, exhaust temperature, nozzle geometry, H/D ratio,
aircraft sink rate, aircraft forward velocity and aircraft/engine
configuration. A good understanding of the effects these
parameters have on flow fields is essential to the development of
an accurate ground environment analysis.

The exhaust jet that exists downstream of the nozzle and
upstream of the ground interaction region may be viewed as a core
surrounded by a mixing zone. The core total pressure is higher
than ambient pressure and core total temperature is equivalent to
the nozzle exit total temperature. Core length, influenced by
nozzle pressure ratio and nozzle geometry, generally increases

with nozzle pressure ratio. High mixing rate nozzles, such as
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segmented types, tend to produce exhaust jets with shorter core
lengths then axisymmetric nozzles. Large pressure variations may
occur in the core zone due to the expansion that occurs in under-
expanded exhaust jets. 1In the mixing zone, the ambient air
interacts with the exhaust gases and diffuses the energy
contained in the jet. The total pressure in the mixing zone
approximates the ambient pressure and the mixing zone temperature
is generally decreasing as the radial distance from the core zone
increases. Mixing zone temperatures range from core zone to
ambient levels. Figures 9 through 11 show axisymmetric nozzle

free jet flow characteristics for various nozzle pressure ratios.

z
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Figure 11. Jet Characteristics NPR > 3.85-Highly
Under-expanded@ Flow

When the free jet reaches the ground, an impingement region

is formed, in which the direction of the jet exhaust is changed
from vertical to horizontal. Exhaust gases expand radially
outward from the center of the impingement zone. Shocks will be
present in the impingement zone if the jet is underexpanded. The
exhaust gases pass through the impingement zone and flow
essentially parallel to the landing pad surface to form a wall
jet. The thickness of the wall jet depends upon nozzle size,
nozzle pressure ratio and radial distance from the impingement
zone. Figure 12 shows two exhaust jets interacting with the
ground. The structure of a supersonic jet impingement flow field

is shown in figure 13.
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Inlet suction flow
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Lift-jet flow
Wall-jet flow
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Figure 12. Exhaust Jet Impingement Flow Field?®
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Figure 13. Supersonic Jet Impingement Flow Field®

Aircraft sink rate and forward velocity can effect jet
impingement flow fields. An example of how aircraft forward

velocity can affect jet flow fields is shown in figure 14.
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Side view
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Figure 14. e i ment W
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4.1.2 Aerodynamic loads

The aerodynamic loads exerted by jet exhaust on landing pads
include pressure loads, shearing loads and jet-induced lifting
loads. The aerodynamic loads investigated in this study include
ground plane total pressure, ground plane dynamic pressure,
ground plane shear stress and induced lifting forces. The ground
plane total pressure is calculated first, followed by the ground
plane dynamic pressure. Once the ground plane dynamic pressure
is determined, the shear stresses and lifting forces can be
calculated. Sections 4.1.2.1 through 4.1.2.4 discuss the

procedures used to calculate the aerodynamic loads.
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4.1.2.1 Ground Plane Total Pressure

Ground Plane total pressure is needed to estimate the
compression load exerted by exhaust gases on a landing pad
surface. Assuming the maximum normal pressure load exists at the
center of the impingement zone, empirical data such as displayed
in figure 15 may be used to estimate ground plane total pressure.
Donaldson related impingement zone total pressure to nozzle exit
conditions and ground proximity for axisymmetric nozzles (figure
15).9 If this information is used to estimate performance for
non-circular exhaust systems, an "equivalent" nozzle diameter
will be needed for an "equivalent" ground proximity. The maximum
ground plane total pressure can be compared to the material
normal pressure load limits in table 2 to determine if the

landing pad will fail.

Yowa) Prowure a comer of
Towd Praswe u Exn Plase

—— Frw bt — — — P Place

Figure 15. Axisymmetric Nozzle Ground Plane Total Pressure Curve
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4.1.2.2 Ground Plane Dynamic Pressure

Ground plane dynamic pressure varies with H/D, nozzle
geometry, nozzle pressure ratio and radial distance from the
center of the impingement zone. The following equations were

used to estimate the dynamic pressure:

Q=£2:LXPSXM2 I—I:—‘-=<1+Qi—l—xM2>
Where: §
Q = Dynamic pressure
G = Specific heat ratio = 1.4
M = Mach number
Py= Total pressure
P = Static pressure

Combining the dynamic pressure expression with the
isentropic pressure ratio/mach number equation and recognizing
that Q/Py is maximum at the square root of two, the relationship
between total pressure and its associated dynamic pressure was
determined. Using the ground plane total pressure, the related
maximum dynamic pressure can be obtained from figure 16.

The calculated dynamic pressure can be compared to the
material limits listed in table 2 to determine if the landing pad
would be subject to erosion.

Lifting forces and shear stresses, the most likely causes of
surface erosion, can be related to dynamic pressure. Expressions
for these forces and stresses are developed in sections 4.1.2.3

and 4.1.2.4.
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Figure 16. Ground Plane Dynamic Pressure

4.1.2.3 Ground Plane Shear Stress
Shear stress can be related to the dynamic pressure by the
equation shown below:32
= = 0262
Sn=CrxQ Cr R,1428
Where:
S;, = Shear stress
Ce¢ = Skin friction coefficient
Q = Ground plane dynamic pressure
Ry = Reynolds Number

The Reynolds number was set to 10,000,000 to approximate the
turbulent flow conditions that exist at the maximum dynamic
pressure condition. Ground pi.ane dynamic pressure was varied to
construct the curve shown in figure 17. This curve represents
the maximum shear stress developed for a given dynamic pressure.
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The ground plane dynamic pressure calculated in section 4.1.2.2
would be plotted on figure 17 to determine the shear stress
level. The calculated shear stress can be compared to the
material shear stress limits to determine if the landing pad will

erode.
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Figure 17. Ground Plane Shear Stress
4.1.2.4 Jet Induced Lift
Lifting forces can be generated by the exhaust jet as it
flows over the landing pad. If a landing pad contains broken and

loose pieces of pavement, the jet induced lifting forces may lift
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those pieces. Lifting forces can be approximated with following

equation:
L=AC,xQx A,
Where:
L = Lift
AC,= Change in the pressure coefficient over a surface
Q = Dynamic pressure
A = Area of convex surface

A generic set of lifting forces curves was not developed in
this study since insufficient information was available on the
change in the pressure coefficient and the condition of the
landing pad.

4.1.3. Therma ads

The procedures used to estimate thermal loads produced by
jet exhaust address convection heat transfer, radiation heat
transfer, conduction heat transfer, and thermal stress.
Convection and radiation heat transfer are calculated first. The
total heat load applied to a landing pad is determined by summing
the convection and radiation heat transfer rates. The total heat
load is then input into the conduction analysis to determine the
temperature profiles in the landing pad materials. The
temperature gradients in the landing pad materials are used to
estimate material thermal stresses and residence times.
4.1.3.1 copnvectjon Heat Transfer

Convection heating is influenced by nozzle pressure ratio,
exhaust gas temperature, nozzle geometry, aircraft sink rate, and
aircraft velocity. The effects of nozzle pressure ratio and

exhaust gas temperature were estimated in this analysis.
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The exhaust nozzle was assumed to be at a H/D of six with no
horizontal or vertical movement. At this height, the jet core
would interact with the ground. The highest heat transfer rate
occurs when the jet core impinges on the ground. The convection
coefficient and convection heat transfer rate vary as the jet
flows over the landing pad. The convection heat transfer rate

can be estimated with the following equation:l6

FC=HX<TJ'-TW)
Where:
F.= Heat transfer rate
H = Heat transfer coefficient
Tj= Gas temperature at point of heat transfer estimate
T,= Landing pad surface temperature

The landing pad surface temperature was set to be a constant
100°F during the heating process. Even though the landing pad
surface temperature increases under a heat load, the constant
temperature simplification provides and initial estimate of the
true heat transfer rate.

The heat transfer coefficient (H) was calculated with the

following equation:16

H=5 xV;xDyx G

Where:
S¢= Stanton number
V4= Gas velocity at point of heat transfer estimate
D= Gas density at point of heat transfer estimate
Cp= Specific heat = .24 Btu/1b-°R

The Stanton number (S;) was estimated with the Reynolds

boundary layer analogy equation:16

C
S, =-d
)

Where:

Ce= Skin friction coefficient = L0262
R.1428
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This skin friction coefficient equation represents a
turbulent boundary layer condition. The Reynolds number was
assumed to be 10,000,000 for the analysis.

The gas velocity (Vj) was determined from the following

equation:34
Vj=Mx ’\/GxC,ngxT,
Where:
M = Mach number
C,=Gravitational constant = 32.17 lbm-ft/lbf-sec2
Cg= Gas constant = 53.35 ft- 1bf/°R-1bm
G”= Specific heat ratio = 1.4
Ty= Exhaust gas total temperature

The total temperature (Ty) was assumed to be equal to the
total temperature of the exhaust gas at the nozzle exit. The
mach number was calculated using the isentropic expression
relating it to static and total pressures (see section 4.1.2.2.).
The landing pad surface temperature (Ty,) and the gas temperature
at the point of the heat transfer estimate (Tj) were averaged to
provide an average density for the heat transfer coefficient
calculation. The gas density (D) can be calculated with the

+T;
Dn=Pj XCIXCgXC.wz J>

PJ Static pressure of exhaust at point of heat
transfer estimate
T,~ Landing pad surface temperature = 100°F
Tj- Gas temperature at point of heat transfer estimate
Gas constant = 53.35 ft-lbf/ R-lbg
Cl Pressure unit conversion = 144 in /ft2

following equation:

Where:

The gas temperature (Tj) was determined with the following

equation:34

Ty

R

Ty= Exhaust gas total temperature
G = Specific heat ratio = 1.4
M = Mach number
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The total temperature (T,) was assumed to be equal to the
total temperature at the nozzle exit. The Mach number was set
equal to that calculated in the gas velocity equation. Static
pressure (Pj), ground plane total pressure (P, ) and ground plane
total temperature were varied to construct convection heat
transfer curves. The static pressure was varied to find the
maximum heat transfer rate for each combination of ground plane
total temperature and pressure. The convection curves are shown
in figure 18. Ground plane total pressure determined in section
4.1.2.1 and the exhaust gas total temperature would be plotted on

figure 18 to determine the convection heat transfer rate.
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Figure 18. Convectjon Heat Transfer Rate
4.1.3.2 Radiation Heat Transfer

Radiation emitted from hot propulsion components and

propulsion exhaust gases can affect landing pads.

No information
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was gathered on propulsion system component temperature levels or
view factors, therefore, no heat transfer estimates were made for
these components. Radiation heat transfer estimates are provided
for the exhaust gases.

Radiation is emitted by carbon dioxide (CO,) and water vapor
(H,0) molecules in exhaust gas. The concentration of CO, and H,0
must be known to determine the heat transfer rate.

Exhaust gas radiation is influenced by nozzle pressure
ratio, exhaust gas temperature, combustion process, nozzle

geometry, aircraft sink rate and aircraft forward velocity. The

effects of nozzle pressure ratio and exhaust gas total
temperature on the heat transfer rate were investigated in this
study. The exhaust nozzle was assumed to be at a height
corresponding to a H/D ratio of six. At this height, the jet
core would be impinging on the ground. Radiation heat transfer

can be calculated with the following equation:16

F,:be@gXTQ-Abeﬂ
Where:
Radiation heat transfer
Stefan Boltzman constant = 4.76 X 10”13 Btu/sec-ftz-oR
Gas emissivity
Gas absorptivity
Gas temperature
w— Landing pad surface temperature

The landing pad surface temperature was set to 100°F for
this calculation. The surface temperature would increase with a
heat load applied, but the constant temperature simplification
provides an initial estimate of the radiation heat transfer rate.
The gas temperature (Tg) was assumed to be equal to the exhaust
gas total temperature at the nozzle exit. Kirchhoff’s law was
used to make gas absorptivity equivalent to gas emissivity.
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Exhaust plume geometry must be estimated to determine the
heat transfer rate. The plume was assumed to be cylindrical in
shape with a height of 6 jet diameters and a base of 1 ft2. Gas
volume was calculated to be 6.77 ft3. The heat transfer rate was
calculated for a 1 ft? section of the landing pad directly below
the gas column. Total pressure, total temperature, beam lengths
and partial pressures were used to determine the gas emissivity
from figures 19 through 23. Partial pressures for CO, and H,0
were determined by analyzing the combustio: process.

The stoichiometric combustion equation used in this analysis
is shown below:31
C,H, + 13(0, + 3.76 Ny) = 2H,0 + CO, + 11.28 N,

H,0 and CO, partial pressures were calculated in the following

manner:
H,0 partial pressure: p_ = 2H,0 =_—2 =131
2° P 3F;0 + 2C0; + 11.28N; ~ 15.28 ~ 12
Co, partial pressure: P, 2C0, 2__ = 131

~2H,0 +2C0O; + 11.28N;  15.28

The beam length associated with a gas column can be

calculated with the equation shown below:16

3.6 x Gas Volume 3.6 x 6.77 f®
Heated Ground Area = | f2

The partial pressures were multiplied by the beam length to

Beam Length (L) = =244 ft

determine the P L and P_.L graphing parameters.

The emissivity associated with the H,0 molecules was
determined from figures 19 and 20. Figure 19 shows emissivity
curves for H,0 at one atmosphere. P,L and exhaust gas
temperature Tg were plotted in figure 19 to find the emissivity.
Since the water vapor in the jet core was at a pressure greater
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than one atmosphere, a pressure correction factor was needed to
adjust the water vapor emissivity.

The partial pressure of H,0 and the total exhaust pressure
were averaged to determine the graphing parameter (P, + P)/2.
P, L and (P, + P)/2 were plotted on figure 20 to find the pressure

correction factor (C,). The H,0 emissivity at one atmosphere was

multiplied by C,, to determine the corrected emissivity, e.
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Figure 20. Water Vapor Pressure Correction Factorl®
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The emissivity associated with CO, molecules was determined
from figures 21 and 22. Figure 21 shows the emissivity curves
for CO, at one Atmosphere. P.L and exhaust gas temperature Tg
were plotted on figure 21 to find the emissivity. Since the CO,
in the jet core has a pressure higher than 1 atmosphere, a
pressure correction factor was needed to adjust the Cco,
emissivity. P_L and the column exhaust gas total pressure (Pg)
were plotted on figure 22 to find the pressure correction factor,

Cc The CO, emissivity at one atmosphere was multiplied by Cc to

CQ

determine the corrected emissivity, es.
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The total emissivity for the gas column is calculated by
adding the H,0 and CO, emissivities together. When the
emissivities are added together, a mixture correction factor (Ae)
must be applied. The beam length (L) is multiplied by the sum of
the H,0 and CO, partial pressures to calculate the L(P, + P.)
parameter. The P,/(P. + P,;) term is calculated by dividing the
H,0 partial pressure by the sum of the H,0 and CO, partial

pressures. Exhaust gas temperature (Tg), Pw/(Pc + Pw) and L(P, +

P.) are plotted on figure 23 to find the mixture correction

factor.
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The equation used to determine the total emissivity of the
exhaust as shown below:
E;=ey +e.+Ac
Radiation heat transfer curves were constructed by varying
the nozzle pressure ratio and the exhaust gas temperature. The
radiation curves are shown in figure 24.
Propulsion system nozzle pressure ratio (NPR) and exhaust

gas temperature can be plotted on figure 24 to determine the

radiation heat transfer rate.
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Figure 24. Radiation Heat Transfer (H/D=6)

4.1.3.3 conduction Heat Transfer
A conduction analysis was done to determine the effect of
convection and radiation heat loads on landing pad materials. 1In

the analysis, the landing pad was assumed to be equivalent to a
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semi-infinite solid exposed to a constant heat flux. Temperature
profiles were developed for each landing pad material at various
heat load conditions. The equation used to calculate the

temperature profile is shown below:®

.S
T, = 2 xF, X<(Di : t) x e-yz/(A x D x l) - _Y_> +T,

K 2 x ERR
Where:

Tp= Material temperature at depth y and time t
Fi= Total heat flux (convection plus radiation)
K = Thermal conductivity
D;= Thermal diffusivity
t = Time
Y = Depth

ERR = Conduction correction term
To= Initial surface temperatuse

Thermal conductivities and thermal diffusivities for
aluminum, asphalt concrete, PCC and steel were obtained from
table 1. The conduction correction term (ERR) is influenced by
material properties, depth into the material and time. ERFC was
used to look up the ERR term listed in a table contained in
“Conduction of Heat in Solids" by Carslew. The equation used to

calculate ERFC is shown below:®

ERFC= ——3%
where: 2x4D;xt
Y = Depth
D;j= Thermal diffusivity
t = Time

The initial surface temperature was set to 100°F to
correspond the surface temperatures used in convection and
radiation heat transfer calculations.

Total heat flux, time and depth were varied to determine the

temperature profiles in the four landing pad materials under heat

34

_




loads of 10, 20, 30, 40, 50 and 60 Btu/ft%-sec. These
temperature profiles are located in appendix A. An example
temperature protile is shown in figure 25.

The temperature profiles can be used to estimate surface
temperature, temperature gradients and residence time limits.
The calculated surface material temperatures can be compared to
the temperature limits shown in table 2 to determine if the
landing pads will fail under the applied heat load. Residence
time limits can be found by calculating the time required to heat

up the landing pad to the failure point.
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Figure 25. Temperature Profiles in PCC -30 n;g[f;z-sgg
4.1.3.4 al ress

Thermal stress calculations can be performed to understand
material failure mechanisms. A preliminary stress analysis was
conducted in this study. The analysis assumed that the landing
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pad was fully constrained (no expansion allowed). Thermal stress

may be calculated with the following equations:

S(h=A—LL-XE AI{-'-'-:EXX(rm-TO)

Where:

Thermal stress

Modulus of elasticity

Thermal expansion coefficient
Final material temperature
Initial material temperature

H3mmE 0
O X cr

The moduli of elasticity and thermal expansion coefficients
for each material were obtained from table 1. The final material
temperature was varied to construct thermal stress curves for
aluminum, asphalt concrete, PCC and steel. Figures 26 through 29
show the thermal stress curves calculated for the landing pad
materials. The difference between the initial material
temperature and the final material temperature would be plotted
on the stress curves to find the stress level in the material.
The stress level can be compared to the material compression load
limits shown in table 1 to determine if the material will fail.
The thermal stress analysis did not correlate well with the
failures experienced on landing pads and will need to be

restudied.
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4.1.4 Load Assessment

An initial assessment of the aerodynamic and thermal loads
discussed in this study is given in sections 4.1.4.1 and 4.1.4.2.
4.1.4.1 Aerodynamic Loads

The aerodynamic pressure loads produced by jet exhaust may
damage landing pad materials. Normal pressure loads were low
compared to the material compressive strengths and should not
damage the landing pads. The shear stresses produced by jet flow
are too low to cause erosion. Lifting forces may be of
sufficient strength to move loose pieces of pavement or dislodge
PCC joint filler. The capability to predict the effect of
lifting loads on landing pads is important and should be further
studied.
4.1.4.2 Thermal Loads

The thermal loads produced by jet exhaust may damage landing
pad materials. Convection heating provides the greatest source
of heat but radiation can also have an important impact on the
heating rate. Asphalt concretes and PCC point fillers are easily
affected by high temperatures. PCC has a higher tolerance for
heating than asphalt concrete but is not as resistant as thick
steel or thick aluminum. The heating loads applied to a landing
pad may be lowered by landing the aircraft with a forward
velocity and a high sink rate. The effect heating loads have on
landing pads is important and should be studied in greater

detail.
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4.2 Propulsjon Concept Ground Environment Ratings

Preliminary estimates of the ground environments produced by
the six propulsion concepts described in section 3 were made in
this study. The propulsion exhaust characteristics shown in
table 3 were input into the analysis method described in section
4.1. Aerodynamic and thermal loads were calculated for the
propulsion concepts. Section 4.2.1 discusses the aerodynamic
loads and section 4.2.2 discusses the thermal loads. An initial
ranking of the propulsion concept ground environments is given in
section 4.2.3,
4.2.1 Propulsion Concept Aerodynamic Loads

Ground plane total and dynamic pressures were estimated for
the propulsion concepts. The procedures described in section
4.1.2.1 were used to determine the ground plane total pressure.
Ground plane dynamic pressure was calculated with the procedures
described in section 4.1.2.2. The estimated ground plane total

pressure and dynamic pressure are shown in table 4.

Table 4. Propulsion System Pressure Estimates
Ground Plane Ground Plane
Total Dynamic

Concept Pressure (psi) Pressure (psi)

AV-8 28 10.5

Ejector

HFVT

REX 36 14

Lift Plus lift/cruise

RAL
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Shear stress estimates were not made for the propulsion
concepts since the analysis in section 4.1.2.3 showed that
stresses would be small. Lifting loads were not estimated for
the propulsion concepts due to the problems discussed in section
4.1.2.4.

4.2.2 Propulsion Concept Thermal Loads

Convection heating estimates were determined using the
procedures listed in section 4.1.3.1. The heat produced by
radiation was calculated with the procedures listed in section
4.1.3.2. Table 5 shows the convection, radiation and total heat

load produced by each propulsion system.

Table 5. Propulsion System Heat Transfer Estimates
Convection Radiation Total
Propulsion Heating Heating Heating
Concept Estimgtes Estimgtes Estimgtes
(Btu/ft<-sec) (Btu/ft“-sec) (Btu/ftc-sec)

AV-8 22 3 25

Ejector Augmentor

HFVT
63 5 68
REX
Lift plus lift/cruise
RAL 105 26 131

Thermal stresses were not estimated for the propulsion
systems due to the reasons discussed in section 4.1.4.2.
Estimated residence time limits were determined using the
procedures described in section 4.1.3.3. The aircraft was
assumed to be stationary over the landing pad for the residence
time estimates shown in table 6.
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Table 6. Residence Time Limits

Residence Time Limit (seconds)
Propulsion
Concept Aluminum Asphalt PCC Steel
Concrete
AV-8 65 1 3 45
Ejector Augmentor
HFVT
27 <1 <1 22
REX
Lift plus lift/cruise
RAL <1 <1 <1 <1

4.2.3 Propulsion Concept Ranking

The residence times indicated that the heat flux generated
by a propulsion system was the limiting factor. Aerodynamic
forces such as normal pressure loads and shear stresses were not
large enough to be considered a major factor. Lifting forces
were ignored since insufficient information was obtained on these
forces.

Propulsion systems were ranked from the most severe to the
least severe ground environment in table 7. The ranking was
based on the total heat flux values shown in table 5. The ranking
will require revision as the propulsion systems are developed and

the analysis methods are improved.
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Table 7. Propulsjon Concept Ranking

Propulsion Index Rank
Concept
RAL 1 1
Lift plus lift/cruise )
Ejector Augmentor
} 6 2
REX
HFVT J
AV-8 10 3
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5.0 GROUND ENVIRONMENT TEST FACILITIES

Sub and full-scale ground environment testing will be
necessary on future STOVL aircraft development programs. Test
facility requirements are needed to identify the facilities
capable of conducting ground environment testing. Preliminary
requirements for test facilities are discussed in section 5.1 and
section 5.2 identifies test facilities that may suffice for
future STOVL aircraft research programs. The facilities
possessing the capabilities that best matched the preliminary
requirements are discussed in section 5.3.
5.1 Preliminary Test Facility Capabili Requirements

Preliminary capability requirements were identified from
information gathered on propulsion system exhaust parameters and
aircraft landing operations. The requirements will need updating
as research proceeds on STOVL aircraft. The preliminary test

facility requirements are shown in table 8.

Table 8. reliminary Test cilit i ts
Parameter Range
Exhaust pressure ratio 1 to 6
Exhaust temperature 0°F to 3000°F
H/D 1 to 10
Sink rate 0 ft/sec to 10 ft/sec
Forward velocity 0 ft/sec to 30 ft/sec
Ground material Asphalt, Steel,

Aluminum, PCC
Ground material surface temperature 0°F to 1500°F
Ground plane pressure sensors 14 psia to 100 psia
Ground plane temperature sensors 0°F to 3000°F
Ground plane velocity sensors 0 ft/sec to 2000 ft/sec
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All these capabilities may not be available at one facility,
therefore, testing could be split up among various facilities to
obtain the needed data. Scaling relations will need to be
developed for model testing. The relationships between nozzle
exhaust conditions, nozzle size and the size of the landing pad
test sample will need to be investigated. Once the applicability
of the scaling factors has been determined, the split between
full-scale and sub-scale testing can be made.

5.2 Identified Test Facilities

Facilities that could conceivably be used for STOVL ground
environment studies are identified in this section. Full-scale
facilities are listed in table 9. Table 10 lists the sub-scale
test facilities. Test capabilities and potential uses for each
facility are included in the tables.

Test cell modifications may be required to effectively use
the identified facilities. Some figures of the identified test

facilities are included in appendix B.

Table 9. Full-Scale Test Facilitjies

Facility Capabilities Possible Uses
J-85 Movable Full-size engine Flow field tests
Engige Test Variable engine attitude Heat transfer tests
Rig Variable engine height Ground erosion tests

Engine can be moved over
selected landing pad
materials
NASA Ames Full-size aircraft Flow field tests
80 X 120 Adjustable height Heat transfer tests
Wwind Tunnel2’ Engines can be run
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Table 9. -~Sca s -

Facility Capabilities Possible Uses
NASA Ames Full-size aircraft Flow field tests
Outdoor Adjustable height Heat transfer tests
Aerodynamic by crane Ground erosion tests
Research
Facility27
NASA Lewis Full-size engine Flow field tests
Powered Adjustable engine Heat transfer tests
Lift height Ground erosion tests
Facility Needs design for

Naval Aero
Propulsion
Center

Gyro-rig12

Naval Aero
Propulsion
Center
Variable
Attjitude

Naval Air
Engineering
Center

J-79 Erosion
Rig

Rolls-Royce
Shoeburygiss
Facility

Rolls-Royce
RB108 Groun
Erosion Rig

vertical engine mount

Full-size engine

Engine can be rotated
past sample test panels
to simulate aircraft
forward velocity

Test panel mounting
system needed

Full-size engine

Adjustable engine
height

Test panel mounting
system needed for
height adjustment

Full-si - engine mounted
horizontally

Test panels mounted
behind the engine

Full-size aircraft

Ground plane
instrumentation

Dynamic landing
simulation

Full-size engine

Movable gantry

Adjustable engine height
and attitude

Flow field tests
Heat transfer tests
Ground erosion tests

Flow field tests
Heat transfer tests
Ground erosion tests

Flow field tests
Heat transfer tests
Ground erosion tests

Flow field tests
Heat transfer tests
Ground erosion tests

Flow field tests
Heat transfer tests
Ground erosion tests
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Table 10. ub-
Facility Capabilities Possible Uses
NASA Ames Large model aircraft Flow field tests
40 X 80 Model height adjustable Heat transfer tests
Wind Tunnel?’ Engines can be run
NASA Langley Large model aircraft Flow field tests
30 X 60 Model height adjustable Heat transfer tests
Wind TunnelZ?©
NASA Langley Large model aircraft Flow field tests
4 X7 Model height adjustable
Wind Tunnel?© Moving belt ground plane
Nozzle pressure ratio = 4
cold flow
NASA Lewis Small model aircraft Flow field tests
9 X 15 Ground plane height Heat transfer tests
Wind Tunnell® adjustable
Ground plane
instumentation
Maximum EGT = 1000°F
Boeing Small model aircraft Flow field tests
V/STOVL Model height adjustable Heat transfer tests
Wind Tunnel?® Moving belt ground
plane
Boeing Large model nozzles Flow field tests
Colg Air Ground plane height
Rig 5 adjustable
Ground plane
instrumentation
Nozzle pressure ratio= 2.5
cold flow
British Large model aircraft Flow field tests
Aerospace Model height adjustable
Low Speed
wind Tunnel3°
British Small model aircraft Flow field tests
Aerospace Model height adjustable Heat transfer tests
Hot Gas Ground plane
Ingestiog instrumentation
Facility
47




Table 10. Sub-Scale Model Test Facilities - Continued

Facilities Capabilities Possible Uses
British Large model burner Flow field tests
Aerospace and nozzle Heat transfer tests
Warton Hot Nozzle Pressure ratio = 4 Ground erosion tests
Gas Lab Maximum EGT = 2200°F
Ground Ground plane
Erosion Rig19 instrumentation
German-Dutch Large model aircraft Flow field tests

DWN Low Spe Model height adjustable
S J
Wind Tunnel

McDhonnell Small model aircraft Flow field tests
Aircraft and nozzles Heat transfer tests
Jet Ground plane height
Interactigg adjustable
Apparatus Ground plane

instrumentation

Nozzle pressure ratio = 3

cold flow
Pennsylvania Small model nozzle Flow field tests
State Ground plane height Heat transfer tests
University adjustable
Applied Ground plane
Ressarch instrumentation
Lab Nozzle pressure ratio = 2

cold flow
Portland High temperature testing Ground erosion tests
Cement of concrete
Association
CTL Fire
Test Cells®
Sandia High temperature testing Ground erosion tests
Laboratory26 of concrete

Test panel instrumentation
Nozzle pressure ratio = 4
Maximum EGT = 3000°F

5.3 S acilities Suggested fo u sea
A review of the facilities discussed in section 5.2 revealed
two sub-scale facilities and two full-scale facilities that best
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matched the test facility requirements discussed in Section 5.1.
The Warton Hot Gas Facility and the NASA Lewis 9 X 15 wind tunnel
are suggested for sub-scale model testing. The Warton facility
has an erosion rig which can simulate exhaust pressure and
temperature, H/D ratios and residence times. Test samples can be
changed to evaluate different landing pad materials. The Warton
facility is located in the United Kingdom and the United States
may not have access to this facility but a similar facility could
be set up in the United States. The NASA Lewis facility has the
capability to simulate exhaust pressure and temperature, H/D
ratios, and forward aircraft movement. The Lewis facility has
been used to study hot gas ingestion on STOVL aircraft models.

The two full-scale facilities suggested for future test
programs were the Rolls-Royce RB108 rig and the NASA Ames 80 X
120 wind tunnel. The Rolls-Royce rig is a movable gantry that
can hold a full-scale engine. Engine height and attitude can be
adjusted in the gantry. This rig can be positioned over various
landing pad types to determine a materials response to jet
blast. The United States may not have access to this rig since
it is located in United Kingdom but a similar rig could be set up
in the United States. The NASA Ames 80 X 120 wind tunnel has the
capability to test full-scale aircraft. Full sized engines could
possibly be run in the test aircraft. Forward aircraft movement
and H/D ratios can be simulated in the Ames facility.

These suggestions need updating as further information is
gathered on ground environment test requirements and test

facility capabilities.

49




6.0 CONCLUSIONS

The analyses conducted in this study indicate that STOVL
aircraft ground environments can damage landing pads if aircraft
landing procedures are not correctly defined or followed. Each
aircraft/propulsion concept produces a ground environment which
affects the landing pad according to the severity of the exhaust
gas flow field. Ground environments are therefore an important
design parameter for aircraft and propulsion systems developer.

Preliminary landing pad environmental limits were compared
to the aerodynamic and heat loads estimated for the various STOVL
aircraft/propulsion concepts. Pressure loads were determined to
be insufficient to damage the baseline landing pads, but under
the right conditions, broken pavement and loose joint filler can
be lifted by high velocity exhaust gases. Propulsion systenm
exhaust gases are capable of producing thermal stresses and
temperatures in landing pads that surpass the material failure
limits. Jet residence time limits are necessary to prevent
thermal damage to landing pads. The preliminary residence time
limits calculated in this study show that rolling landings are
needed on asphalt concrete and PCC. Rolling landings may also be
required on steel and aluminum pads if a RAL system is selected
or if repetitive vertical operations are conducted with the other
propulsion concepts.

Data that accurately defines landing pad environmental
limits and analyses that predict STOVL aircraft ground

environment severity are needed. Testing and analysis can be
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conducted to determine landing pad failure limits and improve
ground environment load estimates. Variables that should be
evaluated in a test and analysis research program are shown in
table 11. Test facilities best suited for future research
programs, as determined in this study, include the Warton Hot Gas
Laboratory Ground Erosion Rig, NASA Lewis 9 X 15 low speed wind
tunnel, Rolls-Royce RB108 engine gantry and NASA Ames 80 X 120

low speed wind tunnel.

Table 11. Test Parameters

Test Parameter Test Range

Nozzle pressure ratio 1l to 6

Exhaust gas temperature 100°F to 3000°F

H/D ratio 1 to 10

Aircraft sink rate 0 to 10 ft/sec

Aircraft forward velocity 0 to 30 ft/sec

Nozzle geometry Round, Rectangular,
Segmented

Landing Pad Material Aluminum, Asphalt,
PCC, Steel

Nozzle Area 1 ft2 to 3 ft?
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7.0 RECOMMENDATIONS

Based on the analyses and assessments conducted in this

study the following recommendations have been made for future

research efforts.

o Conduct tests to investigate the heat and aerodynamic

loads ssociated with future STOVL propulsion systems and
determine the effect these loads have on typical landing
pad materials. The parameters that should be
investigated in a STOVL ground environment test program
are shown in table 11. Some full-scale testing should be
done up front to ensure scaling factors are properly set
for sub-scale model tests. The Warton Hot Gas Laboratory
Ground Erosion Rig and the NASA Lewis 9 X 15 wind tunnel
are suggested for sub-scale test programs while the
Rolls-Royce RB108 engine gantry rig and the NASA Ames 80
X 120 wind tunnel are recommended for full-scale test
programs.

Develop an analysis method that can accurately predict
STOVL propulsion ground environments and the effect they
have on landing pad materials. The analysis will need to
be able to evaluate various propulsion concepts.
Variables such as nozzle exhaust pressure, exhaust gas
temperature, nozzle diameter, H/D, nozzle geometry,
aircraft sink rate, aircraft forward velocity and landing
material type should be modeled in the analysis method.
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MATERIAL TEMPERATURE PROFILES
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Figure A-11. Temperature Profile in Asphalt (50 Btu/ft2-sec)
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Figure A-12. Temperature Profjle in Asphalt (60 Btu/ft2-sec)
62




-0.15

DEPTH (INCHES)
|
[}
~N

-0.25
-0.3
-0.35

-0.4

Figure A-13.

-0.05
-0.1
-0.15

~0.2

DEPTH (INCHES)

-0.25

-0.3

-0.35

-0.4

o 10dF +

Figure A-14.

T T T T T T

1 3 5 7

TIME (SEC)

o 100% +  200% o 40PF

Temperature Profile in PCC (10 Btu(f;z—ggg)

Ra——

T T T T T T 1
1 3 S 7

TIME (SEC)

200°F o 400% a  600%

Temperature Profile in PCC (20 Btg[ﬁ;z-sgc)

63




DEPTH (INCHES)
|
o
~N

-0.35

-0.4

1 3 5 7

TIME (SEC)
o 100% +  200% ° 4oo:r
A  600°F X 800°F v 1000°F

Figure A-15. t o i . 2.g

-0.05

-0

-0.15

-0.2

DEPTH (INCHES)

~0.25

-0.3

-0.35

-0.4

1 3 5 7

o TME (SEC)
O 100% + 200 o  400%
A& 600° x  800°F v 1000%

Figure A-16. Temperature Profile in PCC (40 Btu/ft2-sec)
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Figure A-17. Temperature Profile in PCC (50 Btg[:tz—sec)
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Figure A-18. Temperature Profile in PCC (60 Btu(f;z-sec)
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Figure B-1. NASA Ames Outdoor Aerodynamic Research Facility?’
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Figure B-2. Moveable Ground Erosion Rig
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Figure B-4. NASA Ames 80 X 120 Wind Tunnel?’
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Figure B-5. NASA Ames 40 X 80 Wind TunnelZ?©

Figure B-6. British Aircraft Corporation 5.5 Meter Wind Tunnel3°
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